The basolateral amygdala (BLA) sends excitatory projections to the nucleus accumbens (NAc) and regulates motivated behaviors partially by activating NAc medium spiny neurons (MSNs). Here, we characterized a feedforward inhibition circuit, through which BLAevoked activation of NAc shell (NAcSh) MSNs was fine-tuned by GABAergic monosynaptic innervation from adjacent fast-spiking interneurons (FSIs). Specifically, BLA-to-NAcSh projections predominantly innervated NAcSh FSIs compared with MSNs and triggered action potentials in FSIs preceding BLA-mediated activation of MSNs. Due to these anatomical and temporal properties, activation of the BLA-to-NAcSh projection resulted in a rapid FSI-mediated inhibition of MSNs, timing-contingently dictating BLA-evoked activation of MSNs. Cocaine self-administration selectively and persistently upregulated the presynaptic release probability of BLA-to-FSI synapses, entailing enhanced FSI-mediated feedforward inhibition of MSNs upon BLA activation. Experimentally enhancing the BLA-to-FSI transmission in vivo expedited the acquisition of cocaine self-administration. These results reveal a previously unidentified role of an FSI-embedded circuit in regulating NAc-based drug seeking and taking.
T he nucleus accumbens (NAc) regulates motivated behaviors, a process that requires fine-tuned functional output of medium spiny principal neurons (MSNs) (1, 2) . Lacking intrinsic pace-making mechanisms, activation of NAc MSNs is primarily driven by longdistance excitatory inputs (3), among which the projection from the basolateral amygdala (BLA) has been critically implicated in cueinduced motivated behaviors under physiological and pathophysiological conditions (4, 5) . In vivo recording reveals that stimulation of the BLA monosynaptically activates NAc MSNs but that the activation is not linear, often with unique temporal patterns (3, 6, 7) . In behavioral models of reward seeking, exposure to cues previously associated with the reward activates BLA neurons, but NAc MSNs are not homogeneously activated (8, 9) . These circuit and behavioral results suggest that the responsiveness of NAc MSNs to cue-induced BLA activation is finely gated by timing-contingent inhibitory mechanisms.
A potential candidate providing such timing-contingent inhibition is the fast-spiking interneuron (FSI). Although contributing <1% of the NAc neuronal population, FSIs extensively innervate MSNs with an inhibitory network covering the entire striatum (10) . In the striatum and other regions, FSIs are activated by the same excitatory inputs that activate principal neurons to provide timing-contingent feedforward inhibition (10, 11) . While these properties position FSIs as an effective regulator of the output circuits in general, the cellular and circuit properties of NAc FSIs and their roles in motivated behaviors remain largely unexplored.
Targeting this knowledge gap, our current study uses a knockin mouse line, in which endocannabinoid receptor 1 (CB1)-expressing neurons are genetically labeled with tdTomato (12) . Within the NAc shell (NAcSh), all CB1-expressing neurons are exclusively FSIs, with biophysical and connectivity properties indistinguishable from parvalbumin (PV)-expressing FSIs (12, 13) . Our results show that NAcSh FSIs receive a much higher intensity of BLA-to-NAc excitatory inputs than MSNs. Upon optogenetic activation of the BLA-to-NAc projection that evoked excitatory postsynaptic potentials in both FSIs and MSNs, FSIs were activated first to fire action potentials, with the resulting feedforward inhibition blunting the firing of MSNs. Cocaine self-administration did not affect the FSI-to-MSN connectivity in the NAcSh but persistently potentiated the BLA-to-FSI transmission. Mimicking this effect of cocaine by optogenetically inducing long-term potentiation (LTP) at NAcSh BLA-to-FSI synapses in vivo expedited the acquisition of cocaine self-administration. These results demonstrate a previously unidentified role of an FSI-mediated NAc feedforward circuit in cue-induced cocaine seeking and taking.
Results Excitatory Innervation Exerts a Stronger Effect on FSIs than MSNs.
In all experiments, the recording bath was antagonist-free unless specified. In brain slices prepared from CB1-tdTomato knock-in mice, CB1-expressing neurons in the NAcSh were exclusively FSIs ( Fig. 1 A and B) , with very different membrane properties compared with principal MSNs, including a relatively depolarized resting membrane potential, high membrane resistance, and short delay of action potential initiation (12) . All of these membrane properties may contribute to the fast response of NAcSh FSIs (discussed below). Compared with NAcSh MSNs, CB1-expressing FSIs (abbreviated as FSIs hereafter) exhibited much higher frequencies and larger amplitudes of miniature (m) excitatory postsynaptic currents (EPSCs), with faster activation
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and inactivation kinetics (Fig. 1 C-G) . The higher mEPSC frequency suggests a higher presynaptic releasing probability or higher density of synaptic innervation. Excitatory synapses on NAcSh FSIs are highly enriched in calcium-permeable (CP) AMPA receptors (AMPARs) (discussed below), and their high conductance (14) may serve as one of the key postsynaptic mechanisms mediating high mEPSC amplitudes.
To delineate the BLA-to-NAc projection, we bilaterally injected channelrhodopsin 2 (ChR2)-expressing adeno-associated virus 2 (AAV2) into the BLA of anesthetized mice. Approximately 4 wk later, we obtained NAc slices to perform pairwise simultaneous recordings of FSIs and MSNs while activating the BLA-to-NAc projection (Fig. 1H ). Laser stimulation (at 473 nm) of the same set of BLA-to-NAc fibers resulted in monosynaptic responses in simultaneously recorded FSIs and adjacent MSNs (Fig. 1I) . The activation and inactivation kinetics of the evoked EPSCs in FSIs were substantially faster than in MSNs, and the delay of the EPSC onset was also shorter in FSIs ( Fig. 1 J and K) . The fast activation suggests that FSIs bear excitatory synapses closer to the soma or synapses with faster electrotonic properties compared with MSNs, FSI, 39.8 ± 3.6, n = 8/3; MSN, 9.9 ± 1.0, n = 7/4; P = 0.00, t test), larger mEPSC amplitudes (FSI, 29.7 ± 2.4 pA, n = 8/3; MSN, 19.5 ± 1.0 pA, n = 7/4; P = 0.00, t test), and faster activation (FSI, 0.76 ± 0.02 ms, n = 8/3; MSN, 1.22 ± 0.08 ms, n = 7/4; P = 0.00, t test) and inactivation kinetics of mEPSCs (FSI, 1.20 ± 0.07 ms, n = 8/3; MSN, 2.05 ± 0.22 ms, n = 7/4; P = 0.00, t test). .55 ± 0.12, n = 28/14; mPFC, 0.43 ± 0.10, n = 34/13; PVT, 0.29 ± 0.06, n = 33/6; vHpp, 0.12 ± 0.06, n = 26/4; F 3,117 = 4.389, P = 0.006, one-way ANOVA). *P < 0.05, **P < 0.01.
while the fast inactivation may be attributable to the fast inactivation kinetics of CP-AMPARs (14) , which are highly enriched in FSIs. Such sharp EPSC kinetics allow FSIs to exert fast and precise feedforward inhibition of MSNs. Pairwise comparisons of EPSC amplitudes reveal BLA-to-NAc excitatory inputs produce higher excitation in FSIs than MSNs, and this polarized innervation pattern held true for the projections from the ventromedial prefrontal cortex (mPFC), paraventricular thalamus (PVT), and ventral hippocampus (vHpp) ( Fig. 1 L and M) . Collectively, excitatory inputs to the NAcSh exert much greater impact on FSIs than MSNs. FSI-Mediated Feedforward Inhibition. NAcSh FSIs exert feedforward inhibition of MSNs through their monosynaptic connections (12, 13) . In the pairwise recording setup, we made wholecell current-clamp recordings of an FSI and an adjacent MSN in the NAcSh (Fig. 2A) . In this experiment, QX314 (2 mM) was included in the potassium-based electrode solution for MSN recordings to prevent action potential firing at depolarized holding potentials, and AM251 (2 μM) was included in the bath to prevent potential CB1-mediated modulation of synaptic activity. An action potential in the FSI elicited a fast unitary (u) inhibitory postsynaptic potential (IPSP) in its connected MSN at most holding potentials, with the reversal potential of ∼−60 mV ( Fig. 2 B and C).
In our experimental conditions, FSI-to-MSN synaptic transmission was detected in 21 out of 42 of the recorded pairs ( Fig. S1E) , with the connectivity rate similar to previous results (13) . We next examined the timing of the FSI-mediated feedforward inhibition. For this set of experiments, we made current-clamp recordings of FSIs and voltage-clamp recordings of MSNs, respectively. We used a high-Cl − , Cs + -based electrode solution for MSN recordings such that large inward IPSCs were elicited at −70 mV. In the pairwise recording, a 2-ms current injection evoked an action potential in the FSI, which, in turn, elicited an IPSC in the MSN (Fig. 2D ). The time elapsed from the peak of the FSI action potential to the onset of the IPSC in the MSN was ∼0.6 ms (t1), and the time elapsed from the peak of the action potential in the FSI to the peak of the IPSC in the MSN was ∼2 ms (t2), consistent with monosynaptic GABAergic transmission (Fig. 2E ).
With these delays (t1 and t2) of FSI-generated IPSCs, what form of timing contingency does the FSI-mediated feedforward inhibition confer on MSNs upon activation of the same excitatory inputs? To address this, we optogenetically stimulated the BLA-and mPFC-to-NAc projections in NAc slices (Fig. 2F ). Previous studies reveal that an effective activation of NAc MSNs requires convergent activation of multiple projections, including the BLA and mPFC projections (3). Our pilot results confirmed that under our experimental conditions optogenetic stimulation of either BLA-or mPFC-to-NAc projection alone using physiologically relevant parameters (e.g., stimulation duration ≤1 ms) did not trigger action potential firing in most recorded MSNs ( Fig. S2 A and B) , while simultaneous stimulation of BLA-and mPFC-to-NAc projections increased the likelihood of inducing action potentials in MSNs. Upon optogenetic stimulation of BLA-and mPFC-to-NAc projections, the onset of action potentials in FSIs consistently preceded action potentials in MSNs (t3; Fig. 2G ). Factoring in all these timing parameters after activation of excitatory inputs, in MSNs the peak of the IPSC was coincidental to the peak of the action potential, with the onset (0.6 ± 0.1 ms after FSI action potential peak, n = 17/5) of the IPSC ∼1.2 ms preceding the onset (time point at which dV/dt = 10 mV/ms) of the action potential in the MSN (1.8 ± 0.5 ms after FSI action potential peak, n = 7/6) ( Fig. 2H ). These circuit properties predict that upon activation of the same excitatory inputs the FSI-mediated feedforward inhibition is initiated before the initiation of the action potential in MSNs, and is therefore capable of compromising even the very first action potential in MSNs upon activation of the same excitatory inputs.
To test this prediction, we first used a pharmacological approach by taking advantage of the fact that excitatory synapses on FSIs and MSNs are enriched in CP-AMPARs and non-CP-AMPARs, respectively (12) . As such, optogenetically elicited excitatory inputs to FSIs, but not MSNs, were preferentially inhibited by the CP-AMPAR-selective antagonist Naspm (200 μM) ( Fig. 2 I and J) . We applied a six-pulse optogenetic stimulation (5 Hz; pulse duration 1 ms) to the BLA-and mPFC-to-NAc projections, which evoked four to six action potentials in FSIs but many fewer action potentials in MSNs ( Fig. 2 K and L) . Application of Naspm decreased action potential firing in FSIs evoked by optogenetic activation of the BLA and mPFC projections but increased action potential firing in MSNs ( Fig. 2 K and L) . Note that Naspm also affected action potential amplitudes ( Fig. S2 C and D) , suggesting its nonsynaptic effects.
FSIs are sparse in the striatum (10) , predicting that the feedforward inhibition of a large number of MSNs can be achieved by a very small number of FSIs. To test this, we made pairwise currentclamp recordings of an NAcSh MSN and an FSI that innervated the MSN (Fig. 2M) . A six-pulse optogenetic stimulation (2 Hz; pulse duration 1 ms) of the BLA-and mPFC-to-NAc projections evoked reliable action potential firing in the FSI but many fewer action potentials in the MSN (Fig. 2N) . We then voltage-clamped the FSI at −85 mV to prevent action potential firing. When this single FSI was biophysically silenced, the same optogenetic stimulation, which only elicited EPSCs in the FSI, evoked more action potentials in the MSN (Fig. 2 O and P) . Thus, compromising the FSI-mediated feedforward inhibition by inhibiting only a single connected FSI is sufficient to unleash excitatory input-induced action potential firing in its adjacent MSNs.
Taken together, these results suggest that NAcSh FSIs provide a rapid and effective feedforward inhibition of MSNs, while removing this feedforward inhibition unleashes excitatory inputinduced activation of NAcSh MSNs.
Cocaine Self-Administration Does Not Affect FSI-MSN Connectivity.
The above results demonstrate that an FSI-mediated feedforward circuit controls the translation of excitatory inputs to the functional output in NAcSh MSNs. Given the critical role of the NAcSh MSN output in cocaine taking and seeking (15, 16) , we examined whether the FSI-mediated feedforward circuit is targeted by cocaine exposure to change NAc-based circuit and behavioral responses.
We first examined FSI-to-MSN connectivity in mice after 1 or 45 d withdrawal from cocaine self-administration (Fig. S3A) . Drugnaïve (control) mice were age-matched with mice 1 d after cocaine withdrawal. In the pairwise recording, we measured uIPSCs in the MSN, elicited by evoked action potentials in the FSI (Fig. 3A) . In our slice preparations, ∼50% of the recorded pairs exhibited FSIto-MSN monosynaptic transmission (13) (Fig. S1 C-E). The uIPSC amplitude, which reflects the strength of the FSI-to-MSN connectivity (17), was not affected after 1 or 45 d withdrawal from cocaine self-administration (Fig. 3B) . The coefficient of variation (CV) of the uIPSC amplitudes over trials, which reflects basic connectivity properties such as the number of active synapses, was also not affected after 1 or 45 d withdrawal from cocaine selfadministration (Fig. 3C) . We then used a modified multipleprobability fluctuation analysis (MPFA) (18, 19) to quantify the presynaptic release probability of FSI-to-MSN transmission. This analysis involved eliciting a train of five uIPSCs at 10 Hz such that each uIPSC within the train was elicited under a different presynaptic Ca 2+ condition, conferring different release probabilities (Fig. 3D) . By plotting the variances vs. means of the amplitudes of these IPSCs, a parabolic fitting can be used to derive the presynaptic release probability (Pr), number of release sites (N), and quantal size (Q) (Materials and Methods and Fig. 3E ). The Pr, N, or Q of FSI-to-MSN transmission was not affected in mice after 1 or 45 d withdrawal from cocaine self-administration ( Fig. 3F and Fig.  S2 E and F) . Taken together, these results suggest that the basic connectivity and transmission efficacy of FSI-to-MSN synapses are not changed by cocaine self-administration.
Highly enriched in CB1, FSI-to-MSN presynaptic terminals are regulated by endocannabinoid-CB1 signaling (12) . On presynaptic terminals to MSNs, CB1 is targeted by cocaine exposure to change synaptic properties (20, 21) . To examine whether FSI CB1 signaling is altered by cocaine exposure to change the FSIto-MSN transmission and the FSI-mediated feedforward circuit, we focused on depolarization-induced suppression of inhibition (DSI), a form of CB1-mediated short-term presynaptic plasticity triggered by postsynaptic depolarization-induced endocannabinoid release (22) . We performed pairwise recordings to isolate FSI-to-MSN uIPSCs (Fig. 3A) . In slices from drug-naïve mice, a 5-s depolarization of MSNs induced DSI, an immediate and transient inhibition of FSI-to-MSN uIPSCs, which was prevented in the presence of the CB1-selective antagonist AM251 (2 μM) ( Fig. 3 G and H) . This FSI-to-MSN DSI was intact after 1 or 45 d of withdrawal from cocaine self-administration (Fig. 3 I-K) .
Collectively, the above results suggest that the FSI-to-MSN segment of the feedforward circuit is not changed by cocaine exposure.
Cocaine Self-Administration Potentiates BLA-to-FSI Transmission. We next tested whether excitatory inputs to FSIs, which are the driving force of the feedforward circuit, were altered by cocaine exposure. In optogenetic-electrophysiological experiments, the intrinsic variations of ChR2 expression levels and slice preparations did not allow us to directly compare the overall BLA-to-FSI synaptic strength between mice. Instead, we performed MPFA, in which we elicited a train of seven consecutive EPSCs in each trial through optogenetic stimulation of the BLA-to-NAc projection. The Pr of BLA-to-FSI synapses was increased after 1 d as well as 45 d of withdrawal from cocaine self-administration (Fig. 4 A-D and Fig. S3 B and C) . In contrast, the Pr of mPFC-to-FSI synapses was not altered at either of these two withdrawal time points (Fig. 4 E-H and Fig. S3 D and E) . Note that although the Pr varied substantially among sampled synapses, suggestive of dichotomous distributions, it is statistically consistent with normal distributions (Fig. 4 D and H) . Thus, the BLA-to-FSI projection is targeted by cocaine exposure to enhance FSI-mediated feedforward inhibition of NAcSh MSNs. showing that prestrengthening of BLA-to-FSI transmission expedited the acquisition of cocaine self-administration by promoting active lever press (F 4,100 = 3.1, P = 0.018, two-way ANOVA; second day, P = 0.00, Bonferroni posttest; L) without affecting inactive lever pressing (F 4,100 = 0.2, P = 0.91; M), resulting in increased cocaine infusion (F 4,100 = 5.4, P = 0.00, two-way ANOVA; second day, P = 0.00; N). *P < 0.05, **P < 0.01.
Contrasting to FSIs, we previously detected a persistent increase in the Pr at mPFC-to-MSN synapses but no change at BLA-to-MSN synapses after withdrawal from cocaine selfadministration (23) . These projection-and neuronal type-specific synaptic adaptations reflect complex mechanisms through which cocaine exposure shifts the FSI-MSN circuits and alters the functional output of NAcSh MSNs.
Potentiating BLA-to-FSI Transmission Expedites the Acquisition of Cocaine Self-Administration. To explore the behavioral correlates of FSI-mediated feedforward inhibition in the NAcSh, we optimized an optogenetic LTP protocol applied to BLA-to-FSI synaptic transmission. While this manipulation may not mechanistically create the same cocaine-induced adaptations, it does selectively enhance BLA-to-FSI transmission and thus functionally mimics the effects of cocaine self-administration. We first verified the efficacy and selectivity of this protocol by recording EPSCs in both MSNs and FSIs in NAc slices upon optogenetic stimulation of the ChR2-expressing BLA-to-NAc projection (Fig. 4I) . The LTP protocol (20 Hz × 1 min × three times, 1 min apart) induced a persistent potentiation of EPSCs at BLA-to-FSI synapses but did not alter BLA-to-MSN synapses (Fig. 4J) . Thus, the BLA-to-FSI transmission can be singled out for in vivo manipulation with this protocol.
The BLA-to-NAc projection is essential for the establishment of cue-conditioned operant behaviors (4, (24) (25) (26) . We thus examined whether experimentally enhancing the BLA-to-FSI transmission affected the acquisition of cocaine self-administration. We bilaterally installed optical fibers into the NAcSh in mice with intra-BLA expression of ChR2. We trained the mice with daily 2-h selfadministration sessions for 5 d (without overnight training; see Materials and Methods). Twenty minutes before the training session every day, we applied the LTP protocol to the BLA-to-NAcSh projection through preinstalled optical fibers. We then immediately placed the mice into the operant chambers for selfadministration training (Fig. 4K) . Control mice received the same AAV injection and optical fiber implantation but without the LTP protocol. Over the course of 5 d of training, control mice acquired cocaine self-administration slowly and gradually, while mice with daily BLA-to-FSI-specific LTP reached the plateau of lever pressing faster (Fig. 4L ). Inactive lever pressing was similar between the LTP and control mice (Fig. 4M) , suggesting that the in vivo optogenetic LTP protocol did not affect the reward discrimination or general motor responses. Consistent with the pattern of lever pressing, prepotentiation of the BLA-to-FSI transmission also expedited cocaine infusions over the acquisition phase of cocaine self-administration (Fig. 4N) .
Conversely, we attempted to use LTD protocol to selectively reverse the cocaine-induced enhancement of BLA-to-FSI transmission, but the LTD induction protocols we tested could not achieve BLA-to-FSI specificity (Fig. S3 F-H) .
Taken together, our current results suggest that the BLA-to-FSI and FSI-mediated feedforward circuit in the NAcSh are targeted by cocaine exposure to promote the establishment of cue-induced cocaine seeking and taking.
Discussion
Although FSI-mediated feedforward inhibition has long been recognized as a key circuit mechanism regulating the functional output of principal neurons, this mechanism remains underexplored in the NAc, a brain region critically implicated in addictionrelated behaviors. Using genetically tagged mice combined with optogenetic tools, our current study characterizes the circuit properties and behavioral roles of an FSI-mediated feedforward circuit in the NAcSh. Our results suggest that widespread connections from a small population of FSIs mediate feedforward inhibition of MSNs and that this inhibitory circuit is potentiated by cocaine exposure to promote drug-motivated behaviors.
FSI-Mediated Feedforward Inhibition of NAc Output. Sharply outnumbered by principal neurons, FSIs are sporadically distributed throughout the brain, each innervating tens to hundreds of principal neurons (27) . A key role of local GABAergic FSIs is to regulate the translation of excitatory inputs into excitation of principal output neurons through the FSI-imbedded feedforward circuit (27) . Our results demonstrate several key features of the FSI-mediated feedforward circuit in the NAcSh.
First, BLA projection-induced activation of FSIs and the resulting IPSCs in MSNs were often sufficiently fast and strong to alter the probability and timing of the first action potential in MSNs following stimulation of the BLA-to-NAc projection (Fig. 2) . Thus, in the isolated BLA-to-NAc circuit, BLA-evoked activation of NAcSh MSNs is strongly constrained by the FSI-mediated feedforward circuit. However, in behaving animals, striatal MSNs are constantly activated by excitatory inputs (28) . Thus, there must also be disinhibition mechanisms, either within or outside of the BLA-to-NAc circuit, through which NAcSh MSNs circumvent the FSI-mediated feedforward inhibition. A potential mechanism is CB1-mediated inhibition of FSI-to-MSN transmission. Upon repeated activation of the BLA-to-NAc projection and glutamate release, mGluR1 on MSNs can be activated, and the resulting postsynaptic release of endocannabinoids may induce CB1-dependent inhibition of FSI-to-MSN synapses to compromise the feedforward inhibition (29) . Outside of the BLA-to-NAc circuit, extracellular signals, such as monoamine systems that are selectively activated during certain behavioral responses (30) , may differentially regulate the excitatory inputs to NAc FSIs vs. MSNs, resulting in an escape of MSNs from FSI-mediated inhibition. Collectively, the FSImediated feedforward circuit efficiently can shunt the background activation of NAc MSNs but can be circumvented in some conditions for specific outputs of NAc MSNs.
Second, MSN-FSI pairwise recordings reveal that inactivation of a single FSI is sufficient to unleash excitatory input-evoked action potential firing in adjacent NAcSh MSNs (Fig. 2) . Thus, similar to striatal MSNs (11) , each NAcSh MSN is likely to be innervated by a very small number of FSIs, and the output of MSNs is highly sensitive to the changes in FSIs. Furthermore, each FSI often innervates a large number of principal neurons (11) . Thus, a change in FSIs can result in a large-scale change in NAcSh MSNs.
Third, FSI-to-MSN synapses provide direct inhibitory control of NAcSh MSNs, with a reversal potential of ∼−60 mV (Fig. 2) . This whole-cell current-clamp measured reversal potential is consistent with the reversal potential of randomly sampled GABAergic synapses on NAcSh MSNs measured by perforated patch-clamp recording (31) . Given that both FSIs and MSNs are constantly activated in vivo, FSI-to-MSN synapses may also provide a basal inhibition of MSNs in addition to the timingcontingent feedforward inhibition. It is worth noting that lateral inhibition mediated by MSN-MSN synapses does exist, and despite that the connection rate and synaptic strength are much lower than FSI-MSN synapses (13), contribute to the inhibition of MSNs.
Fourth, after cocaine self-administration, neither the basal unitary synaptic transmission nor the CB1-dependent short-term plasticity of FSI-to-MSN synapses was altered, suggesting that the FSI-to-MSN segment of the feedforward circuits is conservatively maintained. However, the excitatory inputs to NAc FSIs and MSNs are differentially and dynamically altered after cocaine exposure and withdrawal (23) (Figs. 3 and 4) , indicating the plastic nature of excitatory synapses.
CB1 FSIs. In the NAc, CB1-expressing neurons are exclusively FSIs, but more than half of them do not express PV, a traditional marker for FSIs (12) . Although PV-negative CB1-expressing FSIs exhibit indistinguishable biophysical and circuit properties from PV-positive FSIs, their sensitivity to CB1 signaling entails a nonlinear inhibitory feature of the feedforward circuit. Specifically, endocannabinoids are more likely to be released from NAcSh MSNs after intensive activation (30) . As such, the feedforward circuit mediated by CB1-expressing FSIs can be transiently compromised. This nonlinear feature confines the feedforward inhibition to low-intensity excitatory input-induced activation of NAcSh MSNs but spares the high-intensity input-induced activation. With this feature, the active becomes more active and the quiet becomes quieter. Such polarized patterns help secure the output of the NAcSh in response to intensive excitatory inputs from background noise. However, this CB1-mediated disinhibition is balanced by at least two other mechanisms to avoid overexcitation. Namely, CB1 is expressed at glutamatergic inputs, activation of which decreases the excitatory drive for MSN activation (30) . In addition, the feedforward circuit mediated by CB1-lacking FSIs may provide persistent inhibition regardless of endocannabinoid release. Thus, multiple regulatory mechanisms operate in parallel to fine-tune the functional output of NAcSh MSNs.
Cocaine Targets the FSI-Mediated Feedforward Circuit. The BLA-to-NAc projection is essential in establishing reward-conditioned operant behaviors, including acquisition of cocaine self-administration (4, 24, 25, 32, 33) . During cocaine self-administration training, BLA-to-NAc FSI transmission was enhanced, and experimentally enhancing this transmission through in vivo LTP expedited the acquisition of cocaine self-administration (Fig. 4) . We propose that this cocaineinduced BLA-to-FSI potentiation is a Hebbian-like adaptation, which occurs gradually over the 5-d self-administration training, and, once achieved, promotes contingent responding. LTP pretunes the BLA-to-FSI transmission before self-administration training, resulting in increased contingent responses to cocaine during the early training days. The observation that a similar plateau of selfadministration persists at d 5 in control and LTP groups (Fig. 4N) argues against significant damage occurring as a consequence of the LTP protocol.
While the primary rewarding effects of cocaine play an unequivocal role in the acquisition of cocaine self-administration, contingent conditioning, including the establishment and refinement of cue-cocaine association, may also be involved. Indeed, the acquisition protocol we used reveals in both control and LTP mice that, while cocaine infusions reached and maintained a plateau over training (Fig. 4N) , lever presses tended to decrease by the end of training, suggesting an improved efficacy of contingent conditioning (Fig. 4L) . The FSI-mediated feedforward circuit may critically contribute to this cellular-to-behavioral translation by regulating reward-or cue-induced activation vs. inhibition of NAc MSNs. Specifically, exposure to rewardconditioned cues activates a portion of BLA and NAc neurons sequentially (34, 35) , while preventing activation of cocainesensitive NAcSh MSNs after withdrawal from cocaine selfadministration attenuates cue-induced cocaine reinstatement (36) . These results argue that cue-induced activation of the BLAto-NAc projection and the resulting activation of NAc MSNs promote cue-conditioned cocaine seeking and taking. However, while some NAcSh MSNs are activated upon exposure to cocaineassociated cues, some others are inhibited, and these inhibited MSNs are also implicated in cue-induced responses (37) (38) (39) . The dichotomic responses of NAc MSNs are likely implicated in two essential mechanisms, which operate cooperatively to promote cue-induced reward seeking and consumption (37, 38, 40, 41) .
The NAcSh FSI-mediated feedforward circuit appears to orchestrate the dichotomic responses of MSNs upon BLA activation. Upon activation of excitatory inputs, although the averaged results show that the peak of FSI-generated IPSCs coincided with the peak of the first action potentials in NAcSh MSNs, the actual timing of the coincidence varied among MSNs within a ∼1-ms range (i.e., t3, Fig. 2H ). In some circuit setups, FSI-generated IPSCs were slightly early, coinciding with the generation phase of the first action potential in MSNs, thus with high efficacy in suppressing the action potential generation. In some other circuit setups, FSI-generated IPSCs reached MSNs after the peak of the first, timing-contingent action potential, and thus do not affect this action potential but inhibit subsequent, noncontingent action potentials. Cocaine-induced strengthening of BLA-to-FSI transmission increases the driving force of the FSI-mediated feedforward circuit, further dichotomizing NAcSh MSNs in response to cue-induced BLA activation. Induced during cocaine self-administration training, this BLA-to-NAc-specific circuit level plasticity may help register a reinforcing value to cocaine-associated cues and contribute to the cue-elicited components during the acquisition of cocaine selfadministration.
In summary, the present study characterizes an FSI-embedded feedforward circuit in the NAcSh and reveals that this circuit is targeted by cocaine to drive cue-contingent drug-taking behaviors. These results set NAc FSIs, a small neuronal population with unique biomarkers, as potential therapeutic targets to reduce drug seeking and taking.
Materials and Methods
Animals. Both male and female wild-type C57/BL mice and CB1-tdTomato knock-in mice (∼25 g; 50-90 d old) were used in all experiments. Mice were singly housed on a regular 12-h light/dark cycle (light on at 7:00 AM), with food and water available for ad libitum consumption. The animals were used in all experiments in accordance with protocols approved by the Institutional Animal Care and Use Committees at the University of Pittsburgh or Mount Sinai School of Medicine.
Drugs. Cocaine HCl (Provided by NIDA Drug Supply Program) was dissolved in 0.9% NaCl saline. Ketamine, xylazine, and acepromazine were mixed for anesthesia (purchased from a Drug Enforcement Agency-designated vendor at the University of Pittsburgh). All chemicals were purchased from Sigma-Aldrich except QX314, AM251, and Naspm, which were purchased from Tocris. Viral Vectors. Recombinant adeno-associated vector (rAAV) 2 expressing venus tagged ChR2 H134R were pseudotyped with AAV1/2 capsid proteins. HEK293T cells were cotransfected with the plasmidspF6 (adenoviral helper plasmid), pRVI (cap and rep genes for AAV serotype 2), pH21 (cap gene for AAV serotype 1 and rep gene for serotype 2), and the rAAV plasmid, using linear polyethylenimine assisted transfection. Cultures grown in DMEM (Biochrom) with 10% substituted FBS (S0115; Biochrom) were harvested from 15-× 15-cm dishes after 48 h. rAAVs were isolated and purified. Briefly, HEK293T cells were lysed with sodium desoxycholate and repeated freeze-thaw cycles in the presence of Benzonase-Nuclease HC (Novagen). From the supernatant, rAAVs were isolated by iodixanol gradient centrifugation from the 40% and 54% interphase. rAAVs were then desalted by ultrafiltration, filtered through 0.2-μm Millex-GV filter units (Millipore), and stored at 4°C in 500 μL PBS with 10 mM MgCl 2 and 25 mM KCl. The ChR2 gene was packaged with the YFP gene into a recombinant, replication-defective form of the adenovirus (AAV). We also purchased ChR2-expressing AAV2 from the University of North Carolina Virus Core. These viruses were mostly used for validation and pilot studies, and some related results were included in data analysis as well. For i.v. surgery, mice received the same anesthetization of viral delivery. A silastic catheter was inserted into the right auricle through the external jugular vein, and the distal end was led s.c. to the back between the scapulas. Catheters are constructed from silastic tubing (∼5 cm; inner diameter 0.020 inch, outer diameter 0.037 inch) connected to a harness (INSTECH). Catheters were flushed with sterile saline containing cefazolin (3 mg/mL) and heparin (3 UPS/mL) every 24 h during the recovery and training periods.
Self-Administration Apparatus. Experiments were conducted in operantconditioning chambers enclosed within sound-attenuating cabinets (Med Associates). Each chamber contained an active and inactive lever, a food dispenser, the conditioned stimulus (CS) light on top of each lever and a house light. No food or water was provided in the chambers during the training sessions.
i.v. Self-Administration Training. Cocaine self-administration training began 5-14 d after surgery. In the typical procedure (all experiments except the one shown in Fig. 4 K-N) , on d 1 mice were placed in the self-administration chamber for an overnight training session on a fixed ratio (FR) 1 reinforcement schedule. Correct lever pressing resulted in a cocaine infusion (0.75 mg/kg per infusion over 6 s) and illumination of a CS light above the lever. The CS light remained on for 20 s, whereas a house light was off for 20 s, during which active lever pressing was counted but resulted in no cocaine infusions. After the 20 s, the chamber light was turned on, and the next active lever pressing resulted in a cocaine infusion. Pressing an inactive lever had no reinforcement consequences but was recorded. Following an overnight cocaine self-administration session, mice received 6 h of cocaine self-administration daily for 8-10 d on an FR1 reinforcement schedule. For the behavioral experiments measuring the acquisition of cocaine selfadministration (Fig. 4 K-N) , the overnight training section was omitted, and mice received 2 h of daily cocaine self-administration training to extend the acquisition process.
Preparation of NAc Slices. Detailed procedures for obtaining acute NAc slices can be found in our previous publications (42, 43 were used unless otherwise stated. Series resistance was 9-20 MΩ, uncompensated, and monitored continuously during recording. Cells with a change in series resistance >15% were not accepted for data analysis. Synaptic currents were recorded with a MultiClamp 700B amplifier, filtered at 2.6-3 kHz, amplified five times, and then digitized at 20 kHz. Optogenetic stimulation was achieved using a blue laser with the wavelength of 473 nm (IkeCool), coupled to a 62.5-μm optic fiber. Stimulation was triggered and stimulation parameters were set by preprogrammed Clampex software (Molecular Devices). Collimated laser light was coupled to a fluorescent port of the Olympus BX51WI microscope, allowing the blue laser light to illuminate the slice through the objective. In experiments characterizing pathway-specific synaptic projections (Figs. 1 H-M and 4 A-J and Figs. S1G and S3 B-H), optogenetic stimulation duration was adjusted between 0.1 and 1.0 ms to optimize EPSC kinetics. In experiments comparing action potential firing in response to presynaptic stimulations ( Fig. 2 and Fig. S2 ) the stimulation duration was fixed at 1.0 ms.
In Vivo Optogenetic Stimulation. For in vivo bilaterally optogenetic manipulations of the BLA-to-NAc projection, two 105-μm core optic fibers were attached to the internal cannulas through the optical neural interface (ONI). The ONI was attached with a fiber channel/physical contact (FC/PC) adaptor to a 473-nm blue laser diode (IkeCool), and laser pulses were generated through a waveform isolator (A.M.P.I.). The light intensity through the optical fiber was measured by a light sensor (S130A; Thor Labs), and adjusted to ∼10 mW. Before attaching to the ONI, the mice were anesthetized by a Small Animal Anesthesia Machine -Isoflurane (RWD Life Science Inc.). The tip of the optical fiber was placed the dorsomedial NAcSh (in millimeters: AP, +1.50; ML, ± 0.75; DV, −4.00). Thus, the potential BLA projections to both the dorso-and ventromedial NAcSh were subject to optogenetic stimulation. An optogenetic LTP protocol was administered at 20 Hz × 1 min × three times, with a 1-min interval (laser pulse duration 0.5 ms). Control mice received same anesthetization, with the same installation of optical fibers, but without laser stimulation. The mice were then placed back to their home cages until they were fully awake (∼20 min after in vivo LTP induction). The mice were then placed into the operant chambers for behavioral training and testing.
Data Acquisition and Statistics. All data were analyzed offline. Statistical results are expressed as mean ± SEM. Two-tailed t test or one-or two-way ANOVA was used for statistical comparisons as specified in the text. Sample size was presented as n/m, where "n" refers to the number of cells, cell pairs, or other cellular readouts, while "m" refers to the number of animals.
Both male and female mice were used. We did not detect significant difference in several electrophysiological measurements between males and females (Fig. S1 F and G) , so the data were combined. In cocaine selfadministration training, female mice might be more responsive to cocaineinduced behaviors, but given the relatively small sample sizes (5 males vs. 7 or 10 females in each group) we combined the data of males and females as well.
In recordings of optogenetically evoked EPSCs (Figs. 1 H-M and 4 A-J and Figs. S1G and S3 B-E), stimulation was delivered with a 15-s interpulse interval. In pairwise recording of EPSCs to FSIs vs. MSNs (Fig. 1 H-M and Fig. S1G ), >30 successive sweeps were recorded and averaged. In experiments analyzing CP-AMPAR (Fig. 2 I-L) , EPSCs were compared before and 15 min after perfusion of Naspm. In experiments accessing CB1-dependent regulations (Figs. 2 B and C and 3H), AM251 was bath-applied throughout the experiments. To evoke action potentials in FSI, a 1 nA × 2 ms current step was injected into the recorded neuron in all related experiments (Figs. 2 A-E and M and 3 and Fig. S1 C-F) . In the MPFA (Figs. 3 D-F and 4 A-H), 50-120 EPSCs or IPSCs were recorded after achieving a stable baseline. In experiments accessing pathway-specific activation of FSIs (Fig. 4 A-H) , a seven-pulse train (20 Hz) of presynaptic stimulation was used. In experiments accessing FSI-to-MSN connectivity (Fig. 3 D-F) , a five-pulse train at 10 Hz was used to elicit action potentials in FSIs. The peak amplitude of each EPSC or IPSC was compared with its baseline and averaged to measure the mean amplitude (I). Variance of each EPSC/IPSC peak was calculated and plotted against their mean amplitude. We assume that presynaptic release sites operate independently and that the release probability of synapses is the same. Thus, the amplitudes of EPSCs can be expressed as I = NPrQ, [1] where N is the number of release sites, Pr is the presynaptic release probability, and Q is the quantal size (amplitude of EPSC from release of one quantum). For a binomial model, the variance (σ 2 ) of EPSC amplitudes can be expressed as σ 2 = NQ 2 Prð1 − PrÞ.
[2]
Based on the two above equations, the following equation can be derived:
This equation predicts a parabolic relationship between σ 2 and I. As such, the variance-mean relationship was fit with Eq. 3 to estimate N and Q in each examined cell. Pr was then calculated with Eq. 1. If any of the theoretical assumptions do not hold true (e.g., if multivesicular release exists), the points along the σ 2 -I curve would not exhibit a well-fitting parabolic relationship.
Data Exclusion. This study used a total of 325 mice, among which 15 were excluded because of the health conditions, six were excluded because they did not establish cocaine self-administration, and three were excluded because their behavioral responses were greater than threefold of SD.
